Optical grating technique, where optical gratings are generated via light inference, has been widely used to measure charge carrier and phonon transport in semiconductors. In this paper, compared 
In order to overcome this problem, heterodyne technique, where a reference beam is introduced to be collinear with the diffracted probe beam, has been implemented to amplify the diffraction signal [7, 8] . The much stronger reference beam interferes with the diffracted probe beam and amplify the detected signal. However, optical alignment to achieve the spatial overlap between the reference beam and the diffracted probe beam used to be a challenge. Maznev et al [9] developed a novel optical setup where the requirement of spatial overlap between reference and probe beams is automatically satisfied, which popularizes transient grating heterodyne to measure various diffusion processes [10] [11] [12] .
In this article, three optical grating techniques are revisited and compared: grating imaging, 
II. EXPERIMENTAL SETUPS OF DIFFERENT GRATING TECHNIQUES
In Figure 1 , the schematic experimental setup of grating imaging method is shown, from which the setup of transient grating heterodyne and transient grating diffraction can be derived. After the transmission amplitude grating (photomask), pump and probe beams are diffracted into several beams. Three orders (0, and ±1) are collected by the objective lens and focused onto the sample surface. The positions of the transmission grating and the sample are carefully aligned to be conjugated, i.e. the real image of the grating is formed onto the sample surface. The intensities of the pump and probe beams are modulated into the same grating pattern, with alternating bright and dark fringes, as shown in Figure 1 . The pump grating will generate carrier density grating in the sample, and the probe is only sensitive to the carrier density in the bright fringes. The carrier population in the bright fringes will decay due to both carrier recombination and carrier diffusion into the dark fringes. The differential transmission or reflection (∆T/T0 or ∆R/R0) signals can reveal this decay process and provide the information about both carrier recombination and carrier diffusion. Without the transmission amplitude grating, the setup shown in Figure 1 returns to a traditional pump-probe spectrometer with unmodulated and relatively large laser spot on the sample surface (typically tens of µm), and the characteristic decay mainly reveals carrier cooling and recombination. With the carrier cooling and recombination times predetermined in the nongrating case, the carrier diffusion effect measured with grating imaging technique can be isolated to extract diffusion coefficients accurately.
With some simple modifications in the experimental setup (with blocker and selection of the detected beams), measurements for transient grating heterodyne or transient grating diffraction can be realized easily. Five cases are presented in Figure 2 , all in side view. Case 1 is the grating imaging technique with 3 pump and 3 probes beams. Case 2 is the grating imaging technique with 2 pump and 2 probe beams. Case 3 and case 4 are the transient grating heterodyne with different directions (detection or reference) collected (to avoid confusion, after the objective lens, the uppointing beam is referred as the reference beam and the down-pointing beam as detection beam), and case 5 is the transient grating diffraction geometry. In case 5, after the transmission grating, two orders (0 and -1) of the probe and the 0 th order of the pump are blocked, so that the transmitted +1 and -1 orders of the pump can still form transient carrier grating on the sample surface. Only one order (+1) of the probe beams is transmitted, and the diffraction of this beam is collected as signal. All these 5 setups are used to measure the carrier diffusion in a GaAs/AlAs superlattice.
The sample under test is a 30-periods GaAs (6nm)/AlAs (6nm) superlattice on a glass substrate.
The superlattice was originally grown on GaAs substrate and then wet-etched and transferred onto a glass substrate. Details of sample growth and characterization can be found in Ref. [1] . The laser pulses come from a Ti: Sapphire oscillator with 80 MHz repetition rate and 100 fs pulse width (Spectra Physics, Tsunami). The laser spot size (for both pump and probe) on the sample surface is about 70 μm in diameter (1/e 2 ). The laser wavelength is 800 nm, resonant with the PL peak of our sample. Under resonant excitation, the differential transmission signal (∆T/T0 or ∆R/R0) is predominated by the absorption coefficient change of the sample [13, 14] , which reflects the population of the excited carrier density governed by Pauli blocking effect. The period of the transmission amplitude grating (photomask) is 80 μm, with 40 μm opaque slit (metal strip) and 40 μm transparent slit. With 20X objective lens and according to optical interference principle, the period of the grating image formed on the sample surface is 2μm, with 1 μm bright and dark fringes, except for case 1, which has 4 μm period with 2 μm bright and dark fringes. The μm-order fringe width ensures that the transport of the excited carriers is due to carrier diffusion through multi scattering events, such as carrier-phonon scattering and carrier defect-scattering, since the electron mean free path in a semiconductor is typically on the order of tens of nanometers [15] .
III. EXPERIMENTAL RESULTS OF DIFFERENT GRATING TECHNIQUES
Before measuring the sample with optical grating techniques, pump-probe experiments without amplitude grating are performed in order to: (1) make sure the system response to the laser excitation is in the linear region, e.g. ∆T/T0 or ∆R/R0 signals proportional with the excited carrier density [5, 14] ; (2) obtain the characteristic decay time from carrier cooling (τcool) and carrier recombination (τr), so that the pure carrier diffusion effect could be isolated in the grating imaging measurements. case 1, the signal of case2 decays faster at the beginning but slower at longer time delay. According to optical interference principle, the spatial frequency of the carrier density grating generated with two pump beams (±1 orders) in case 2 is twice of that generated with three pump beams (0 and ±1 orders) in case 1. With the same initial carrier density in the bright fringes (equivalent to signal normalization), the effective carrier density gradient is larger in case 2 than in case 1. Therefore, the diffusion effect is stronger in case 2 than in case 1, which explains the faster decay for case 2 at the beginning. At the later time, carrier density grating will disappear and there will be only carrier recombination effect. As will be seen later in the derivation of theoretical models for both case 1 and case 2, when carrier density grating vanishes (no diffusion effect), the normalized signal will converge to a certain value, and this value is higher in case 2 than in case 1, which explain the slower decay at longer delay time in case 2. probe by the carrier grating is detected and the signal is only sensitive to the carrier diffusion, not to the carrier recombination. Once the carrier density grating vanishes and the carrier diffusion process stops, the diffraction signal will disappear. Therefore, the signal of case 5 shown in Figure   4 indicates that the diffusion process actually finishes at around 300 ps. The diffraction signal usually is extremely weak with amplitude comparable to the noise of the measurement system [1] . agrees with a previous report where transmission change was found 200 times larger than the diffraction intensity in a four-wave mixing measurement [16] . Thus, in terms of signal intensity, imaging grating technique is significantly advantaged by collecting transmission change, instead of diffraction. Figure 5 also shows that the signal intensity of the reference-heterodyned diffraction in case 3 is just half of the transmission change ∆T in case 2, which is reasonable since the detected beam in case 3 is just one of the two symmetrically detected beams in case 2, as discussed before.
Thus, the signal intensity of the transient grating heterodyne geometry is also about 157 times larger than the pure diffraction intensity.
IV. THEORETICAL MODELS TO EXTRACT DIFFUSION COEFFICIENTS FROM DIFFERENT GRATING TECHNIQUES
In order to extract the carrier diffusion coefficient from measurements with the various experimental geometries presented in Figure 2 , what derived are the theoretical models for all the cases. It will be shown that the measurement principles of the grating imaging method and the transient grating heterodyne method can be understood from two perspectives.
Case 1: Grating imaging with three pump beams and three probe beams
In the grating imaging method, the transmission (or reflection) change of the probe beams is detected, and it is assumed that the local transmission (or reflection) change is proportional to the local excited carrier density. Such assumption is typically valid for small pump excitation power at resonant wavelength [13, 14] , as demonstrated in Figure 3 . The local carrier density of the detected region will decrease due to carrier diffusion and recombination. The decrease will be reflected in the local transmission (or reflection) change. The measured entire transmission (or reflection) change is an integrated value over all the grating fringes. Therefore, the core idea of the grating imaging method is to collect the local transmission change over all the bright fringes that contain the information of carrier diffusion. Following the above measurement principle, the final analytical expression of the signal in case 1 is: (details of the derivation can be found in Ref. 
where = 2 /P is the spatial frequency, P is the spatial grating period, is the carrier diffusion coefficient, 1 and 2 are the amplitudes for carrier cooling and carrier recombination, and and are the carrier cooling time and carrier recombination lifetime, respectively. The first term in the square bracket of Equation (1) is a non-diffusion term, describing the weight of non-diffusion effect (carrier cooling and recombination), while the second and the third terms are diffusionrelated, which will vanish at long time delay t, indicating that the diffusion effect will eventually vanish when the carrier density gradient decreases to zero. According to Equation (1), if the carrier lifetime is much larger than 1/ 2 (which is our case, the fitted =6648 ps and 1/ 2 =137 ps), when the diffusion effect vanishes, the remaining signal will approach to a certain value, which
. And the ratio of the remaining signal over the initial signal is 1 ( . This ratio can be viewed as the percentage of the non-diffusion effect in the total signal. The ratio will be compared with that of case 2 to explain the difference observed in experimental data at longer time delay.
Case 2: Grating imaging with two pump beams and two probe beams
The derivation is similar to that of case 1. Right after pump excitation (time zero), two pump beams 
Similar to case 1, the first term (the constant 1) in the second bracket on the right hand side is the non-diffusion term and the second term is the diffusion term. According to Equation (2) , when the diffusion effect vanishes at long time delay, the ratio of the remaining signal over the initial signal
, which is larger than the ratio in case 1 (0.479 1 /( 1 + 2 ) as estimated above). This explains why at later time delay when there is no diffusion effect, the signal of case 2 is higher than that of case 1, as shown in Figure 4 .
Case 3: Heterodyne of transmitted detection beam and diffracted reference beam
In the transient grating heterodyne method, the generated carrier density grating modulates the The generated carrier grating will modulate the refractive index (mainly the imaginary part for detection at resonant wavelength, see supplemental material) [13, 17] , and the local modulation is proportional to the local excited carrier density for small excitation pump power. 
where 1 and 2 are the amplitudes of carrier recombination and carrier cooling, and the approximation sign holds when ≪ 1, which is the case here under the condition of small excitation.
Case 4: Heterodyne of diffracted detection beam and transmitted reference beam
As has been discussed before, case 4 and case 3 are symmetric, so the analytical expression of the signal in case 4 should be the same as that of case 3. A derivation similar to case 3 indeed leads to the same result: 
Equations (1)- (5) 
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